Abstract We obtain the chemical abundances of six barium stars and two CH subgiant stars based on the high signal-to-noise ratio and high resolution Echelle spectra. The neutron capture process elements Y, Zr, Ba, La, Eu show obvious overabundance relative to the Sun, for example, their [Ba/Fe] values are from 0.45 to 1.27. Other elements, including Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Ni, show comparable abundances to the Solar ones, and their [Fe/H] cover a range from −0.40 to 0.21, which means they belong to Galactic disk. The predicts of the theoretical model of wind accretion for binary systems can explain the observed abundance patterns of the neutron capture process elements in these stars, which means that their overabundant heavy-elements could be caused by accreting the ejecta of AGB stars, the progenitors of the present white dwarf companions in the binary systems.
INTRODUCTION
As first identified by Bidelman & Keeman (1951) , barium stars appear as a distinct group of chemically peculiar red giants. These G and K giants show enhanced features of Ba II, Sr II, CH, CN and sometimes C 2 lines. The following studies also found enhanced abundances of some other heavy elements, e.g. Y, Zr, La, Ce, Pr, Nd and Sm.
Since suggested the elements heavier than iron are synthesized in the interior of asymptotic giant branch (AGB) stars through the slow neutron capture process (s-process) (the rapid neutron capture process, rprocess, occurs in supernova explosion), one generally believe that the overabundant heavy elements of Ba stars could be caused by binary accretion because they should not be evolved to the thermal pulse (TP) AGB stage to synthesize these heavy elements due to their low luminosity and the absence of the unstable nucleus 99 Tc (τ 1 2 =2×10 5 yr) (see and references therein). The binarity and heavy-element abundances of Ba stars have been studied by many researchers ). These Ba stars could have accreted the matter ejected by their companions (the former AGB stars, the present white dwarfs) about 1×10 6 years ago through wind accretion, disk accretion or common envelope ejection .
At present, a large sample of Ba stars have been measured their binary orbital elements , absolute magnitudes and kinematics ). However, the corresponding heavy-element abundances have not been obtained from high resolution observations, which is very useful to understand the formation scenario of Ba stars, but need lots of telescope time and lots of efforts on data analysis. Therefore, we propose to observe the high resolution and high signal-to-noise (S/N) ratio spectra of a sample of Ba stars to obtain their chemical abundances, hence, to understand their formation scenario by combining with their binary orbital elements. Moreover, by taking advantage of the present high precision Hipparcos data, precise photometric parameters, improved methods to determine stellar atmospheric parameters and developed stellar evolutionary tracks etc., the reliable chemical abundances of stars could be obtained from the spectra. We could also understand the formation scenario of Ba stars from theoretical models by comparing the model predicts with the observed abundances, e.g. the angular momentum conservation model of wind accretion of Ba binaries . This paper is organized as follows. Description of the spectral observations and data reduction for the sample stars are presented in Section 2. In Section 3 the derived stellar atmospheric parameters are presented. Stellar atmosphere model, spectral lines and their measured equivalent widths (EWs) are described in Section 4. The analysis on abundance results is given in Section 5. The predicted abundances from wind accretion model are presented and compared with the observed abundance patterns in Section 6. The discussions and conclusions are given in Section 7.
OBSERVATIONS AND DATA REDUCTION
The sample stars have been firstly identified as mild or strong Ba stars in and have been obtained their binary orbital elements (e.g. orbital period and eccentricity) in except HD 4395. HD 4395 and HD 216219 were classified as CH subgiants  Krishnaswamy ), but HD 216219 has also been classified as mild Ba star by and . A common point of view is that CH subgiants also belong to binary systems and their overabundances of s-process elements are caused by accreting the ejected material of the companion AGB progenitors, which is the same scenario as the Ba stars. The CH subgiants could evolve to be the classical Ba stars . In this work we take these two stars as the same with other samples to study their abundances and formation scenario. These two common stars with are good examples to compare our EW measurements, atmospheric parameters and abundances with theirs carefully. Table 1 presents the basic parameters of the sample stars. The Column (1)-(6) consequently present their HD identifications, spectral type and luminosity class, visual magnitudes, B − V color index, trigonometric parallaxes and the corresponding errors taken from SIMBAD database.
The spectroscopic observations were carried out with the Coudé Echelle Spectrograph of National Astronomical Observatories (NAOC) mounted on the 2.16 m telescope at Xinglong station (Xinglong, P. R. China). The detector was a Tektronix CCD with 1024 × 1024 pixels (24 × 24 µm 2 each in size). The wavelength coverage of total spectra is roughly from 5500−8000Å over 34 orders. The spectra were observed during September 12−14, 2000 and most of them had S/N > 100. Figure 1 presents the spectrum of HD 216219 showing main features of absorption in the region around Ba II λ6141.727 line.
Data reductions of all the spectra were carried out through ECHELLE package in the MIDAS environment by standard routines proceeding with order identification, background subtraction, flat-field correction, order extraction, wavelength calibration with a thorium-argon lamp calibration frame. Bias, dark current and scattered light corrections were taken into account in the background subtraction. The pixel-to-pixel sensitivity variations were corrected by using the flat-field. The EWs of the spectral lines are measured from the normalized spectra corrected by radial velocity, which were measured from more than 20 absorption lines at least. The selected spectral lines for abundance analysis are unblended or slightly blended and have reliable atomic data. . The solid line is the least square fit to the points (Eq. (1)), and the dashed line refers to the one-to-one relation.
The EWs of spectral line were measured by applying two different methods: direct integration of the line profile and Gaussian fitting. The latter is preferable in the case of faint lines (EW < 20 mÅ), but unsuitable for the strong lines in which the damping wings contribute significantly to the equivalent width. The final EWs are weighted averages of these two measurements, depending on the line intensity (see Zhao et al. 2000 for details) . The EW values of 110−180 lines in the wavelength range from 5500−8100Å were obtained for each of the sample stars. Table 2 presents the final EWs of the lines measured in the spectra of the sample stars as input data for the abundance analysis. Since the very weak lines would lead to an increase of random errors in the abundance determination and the too strong lines are not so sensitive to abundance, we use the lines with EWs=10 − 200 mÅ for abundance analysis, and most of them within 20 − 150 mÅ except some of the s-process elements. The reliability of our EW measurements have been confirmed by the consistence in the comparison between our data and those of for 35 common lines of HD 216219 and HD 4395. This comparison is shown in Figure 2 . The systematic difference between the two sets of data is small and could be given by a linear least square fit as: EW Smith93 = 0.92(±0.02)EW this work + 2.19(±1.30)mÅ,
with the standard deviation of 0.061.
STELLAR ATMOSPHERIC PARAMETERS
The stellar atmospheric model is composed of four basic parameters, i.e., effective temperature, surface gravity, metallicity and microturbulent velocity. In this section, we describe the determinations of these four model-atmosphere parameters.
Effective temperature
Effective temperatures T eff were determined from [Fe/H] and B-V color indices by using the empirical calibration of Alonso et al. (1999 , which is suit- Fig. 3 The abundance patterns of sample stars.
able for giant stars. We use B-V color here since the B-V data are more complete than other color indices for the sample stars. Considering the uncertainties of photometric data, [Fe/H] , and the errors in the calibration relation, we estimate the uncertainty in T eff is about 100 K for our sample stars. 
Surface Gravity
Based on the Hipparcos parallaxes, precise value of the surface gravity of nearby stars can be obtained using the following relations:
and
where M is the stellar mass, M bol the absolute bolometric magnitude, V the visual magnitude, BC the bolometric correction, and π the parallax. We adopt solar value log g ⊙ =4.44, T eff,⊙ =5770 K, M bol,⊙ =4.77 mag. The parallax π and its errors are taken from the Hipparcos Satellite observations (ESA 1997). Stellar mass was determined from the position of the star in M bol −log T eff diagram. We adopt the stellar evolutionary tracks of Yonsei-Yale , whose isochrones determined with high quality observational data cover the stage from pre-main-sequence birthline to the helium-core flash. The uncertainty of logg estimated by this method is about 0.2 dex generally for our sample stars.
Metal abundance
The initial metallicities of the sample stars in their model atmospheres were taken from literature if available. Otherwise, we adopt [Fe/H]=0 as the initial value and then the final model metallicitiy derived from the consistency with the other parameters in the abundance calculation. The estimated error in [Fe/H] is about 0.1 dex.
Microturbulence velocity
The value of microturbulence velocity ξ t was determined from the abundance analysis by requiring a null correlation between [Fe/H] and the EWs. We applied this calculation with a large range of EWs (20 − 150 mÅ) for Fe I lines. With this selection, the uncertainty of the microturbulence velocity is about 0.2 km s −1 . Tabel 3 presents the atmospheric parameters for the sample stars, where Column (1)-(6) list, consequently, the HD identifications, T eff , logg, mass, microturbulence velocity and [Fe/H]. The temperature coverage of the stars are from 4284 to 5553 K, the surface gravity coverage are from 1.67 to 3.64. The microturbulence velocity is from 1.3 to 1.7, and their [Fe/H] is from −0.40 to 
The reliability of the derived atmospheric parameters T eff /logg/ξ t are confirmed by the further checks. Taking HD 216219 as a representative, Figure 4a give the Fe abundances from different Fe I lines as a function of their excitation potential, which fulfills the excitation equilibrium; Figure 4b shows that the Fe abundances from Fe I lines and Fe II lines are consistent within 0.2 dex, which illustrates the ionization equilibrium, and also shows that there is no trend between Fe abundances and EWs of the lines.
Comparing our results with those of , the derived atmospheric parameters for HD 4395 are T eff =5447/5450K, logg=3.60/3.3, ξ t =1.3/1.3, [Fe/H]=-0.16/-0.33; for HD 216219 are T eff =5553/5600K, logg=3.64/3.2, ξ t =1.4/1.6, [Fe/H]=-0.34/-0.32. They are well consistent. 
STELLAR ATMOSPHERE MODEL AND SPECTRAL LINES
The stellar atmospheric model is implemented by ATLAS9 code to do the abundance analysis. This is LTE, plane-parallel, line-blanketed models. Abundances of chemical elements were determined by using the input atmospheric parameters given in Table 3 and the measured EWs of the absorption lines. All the lines adopted in determining element abundances are presented in Table 2 , which shows the spectral lines and wavelengths, excitation potential χ, oscillator strengths log gf , EWs and logǫ of each line. are taken from the NIST database (http://physics.nist.gov), Lambert & Warner (1968) , , , , , , , , , Nissen & Schuster (1997) , , and the references therein. Col. (5) of Table 2 gives these reference sources for the spectral lines.
CHEMICAL ABUNDANCES AND ANALYSIS
In this section, we present the determined abundances of the sample stars for about 20 elements based on the spectral observations and atmospheric model.
Abundance of barium stars
The derived element abundances of all the sample stars are given in Table 4 , including log ǫ and the corresponding [X/Fe] values for all ions. The solar abundances are adopted from . Figure 3 directly presents the abundance results of our sample stars, including the chemical elements, Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Ni, Y, Zr, Ba, La and Eu. It is obvious to show that the neutron capture process elements, Y, Zr, Ba, La, Eu, are overabundant than the solar abundances. Especially, Y and Zr exhibit as the first peak while Ba and La exhibit as the second peak, and the second peak is higher than the first one. Other elements from Na to Ni, such as α elements and iron elements, show similar abundances to the solar, which means that these Ba stars belong to disk stars. The behaviors of Sc and Mn are compatible to the results of and , who demonstrated that decreasing [Sc/Fe] with increasing mentallicity in disk stars, whereas [Mn/Fe] increases with increasing [Fe/H]. Fig. 5 The comparisons between our abundances determinations and those of for the two common stars: (a). for HD 4395; (b). for HD 216219. The solid lines are the least square fits for the data and the dashed lines are the one-to-one relations. Our results are consistent with theirs.
Uncertainties in the abundances
There are two kinds of uncertainties in the abundance determination: the systematic errors introduced by the atmospheric parameters, and the random errors in determining EWs, oscillator strengths, and damping constants. We ignore the uncertainties in atomic data since they could be small and consider the uncertainties in atmospheric parameter determinations and EW measurements. Assuming that the effects of the uncertainties of the parameters are independent, we can estimate the total uncertainty with Eq. (4):
where σ EW , ∆T eff , ∆logg, ∆[Fe/H] and ∆ξ t are the corresponding variations in the ion abundances due to the variations on equivalent widths, T eff , logg, mental abundance and microturbulent velocity, respectively.
For our spectra, the typical uncertainty of the EW is about 6.1%. Table 5 shows the effects on the derived abundances changed by 6.1% in EW, 100 K in effective temperature, 0.2 dex in surface gravity, 0.1 dex in metallicity, and 0.2 km s −1 in microturbulence velocity for one representative star, HD 216219. The total uncertainties on the output abundances have also be given in Table 5 for all other sample stars by considering the same errors as above in the individual atmospheric parameter.
Comparisons with Smith et al. (1993)
As for the two common stars with , we compare our abundance determinations with theirs for HD 4395 and HD 216219. Figure 5 shows the consistences between our abundance estimations with theirs are within 0.2 dex, but most are in 0.1 dex.
COMPARING WITH WIND ACCRETION MODEL RESULTS
We try to use the wind accretion model to predict the theoretical heavy element abundances of Ba stars in binary systems, and then compare these theoretical predicts with the observed abundance patterns of our sample stars. Following , the calculations of theoretical abundances are made in two steps: the AGB nucleosynthesis based on the latest TP-AGB model and the branch path of the s-process nucleosynthesis, and the binary accretion based on the angular momentum conservation model of wind accretion. The standard case of our wind accretion model is:
is the main sequence mass of the intrinsic AGB star, the present white dwarf, in the binary system; M 2,0 is the corresponding mass of the present Ba star; v ej is the wind velocity). We assumed the standard accretion rate is 0.15 times of the Bondi-Hoyle's accretion rate . The observed orbital elements of the sample stars are listed in Table 6 , which are taken from and . The observed orbital periods of our sample stars cover from 1018.9 to 6200 days and the eccentricities range from 0.06 to 0.65. Figure 6 shows the comparisons between the theoretical abundances from the wind accretion model and the observed abundances of the sample stars, and the uncertainties of the observed abundances are marked as well. In the figure, the variable "a" represents the times of the corresponding standard neutron exposure in the 13 C profile in the AGB progenitor companion suggested by and the higher a value reflects the higher neutron exposure occurred in interiors of the AGB progenitor. P refers to the orbital period of the sample star.
There is good agreement between our observed abundances and the theoretical ones for the sample stars. These mean that wind accretion can be the formation scenario of these Ba stars in binary systems. These are consistent with the suggestions of , and , who mentioned that Ba stars with periods longer than 1500 or 1600 days could be formed through wind accretion. We should notice that the heavy element abundance patterns of two sample stars with P > 1000 days, HD 211594 and HD 223617, can also been explained by wind accretion. Figure 6 also shows that the strong Ba stars generally require the higher "a" values in the model than the mild Ba stars, i.e., the stronger neutron exposure occurred in the AGB progenitors in their s-process nucleosynthesis.
DISCUSSIONS AND CONCLUSIONS
The chemical compositions of six Ba stars and two CH subgiant stars were obtained on the basis of the high S/N ratio and high resolution spectra observed by using the 2.16m telescope at NAOC/Xinglong station. Their stellar atmospheric parameters were determined from the reliable methods, and show the ranges of 4284 < T eff < 5553, 1.67 < logg < 3.64, −0.40 < [Fe/H]< 0.21, and 1.3 < ξ t < 1.7. The model atmospheres were generated by using ATLAS9 code and the updated atomic data of the selected spectral lines for measuring EWs.
Then we obtain the abundances of chemical elements, Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Ni, Y, Zr, Ba, La, Eu for our eight sample stars. The elements from Fig. 6 The fitting of the theoretical to observed heavy-element abundances of sample stars with standard case of wind accretion. Label "a" represents the times of the corresponding standard neutron exposures in the 13 C profile in the AGB progenitor suggested by . P refers to the orbital period of the sample star.
Na to Ni, such as α and iron peak elements, show comparable abundances to the Sun, associated with the [Fe/H] in a range of −0.40 to 0.21, which mean these Ba stars belong to the Galactic disk. The neutron capture process elements Y, Zr, Ba, La, Eu show obvious overabundances than the solar abundances, for example, their [Ba/Fe] values are from 0.45 to 1.27. The abundance patterns of our sample stars are consistent with those obtained for other Ba stars in , . Our study enlarge the sample of Ba stars with known chemical abundances. And we further check the formation scenario of these sample stars through theoretical wind accretion model.
We adopt the angular momentum conservation model of wind accretion to calculate the chemical abundances of Ba stars in the binary systems. The predicted results by the model can explain well the observed abundance patterns of the s-process elements. The abundance patterns of two sample stars, HD 211594 and HD 223617, can also been explained by the wind accretion model although their orbital periods are 1018.9 and 1293.7 days respectively, which are lower than the low limit of wind accretion formation of Ba stars suggested by , 1500 days, and , , 1600 days. This result could further decrease such low limit to be about 1000 days.
The masses of the sample stars are also determined and given in Table 3 , as well as their errors. For most of them, their masses (0.78-1.92M ⊙ ) are close to the average masses of typical mild and strong Ba stars given in (their Table 9 ), who suggested that the average mass of typical mild Ba stars is 1.9 or 2.3M ⊙ with the 0.60 or 0.67M ⊙ companion white dwarfs, and the average mass of typical strong Ba stars is 1.5 or 1.9M ⊙ with the 0.60 or 0.67M ⊙ companion white dwarfs. However, the very high mass (4.58M ⊙ ) of HD 201824 should not be real and the reason could be the big error of its parallax, up to 3 times (1.56/0.56) uncertainty, which will cause the uncertainties of ∼0.4 dex in logg and 3.2M ⊙ in mass. This 0.4 dex uncertainty in logg is larger than the general case (0.2 dex) of the sample stars, but will not affect much the abundances. In Table 5 and Figure 6 , we adopt the general uncertainties of logg, 0.2 dex, to estimate the uncertainties on abundances for HD 201824.
The derived abundances of our sample stars confirm well their "strong" or "mild" Ba star properties.As shown in Table 4 However, there are no obvious trend to show that the strong and mild Ba stars have different ranges in metallicity (also see ). Also, there are no obvious indication to show that the orbital periods of mild Ba stars are longer than those of the strong Ba stars.
HD 4395 is a CH subgiant star. HD 216219 has also been classified as a CH subgiant and the reference therein) or a mild Ba stars . CH subgiant was firstly discovered by . As discussed, some of their CH subgiants might more properly be called subgiant barium stars or even main-sequence barium stars. We did not find obvious difference in the abundance patterns of our CH subgiant sample stars and the Ba sample stars except HD 4395 shows a bit relatively lower overabundances in its s-process elements. Moreover, the wind accretion models for binary system can explain well the observed overabundances of s-process elements in the CH subgiant stars as for other Ba stars. However, our results are not enough to check the suggested evolutionary relation between CH subgiants and classical Ba stars, which will need C/O and Li abundances ). 
INTRODUCTION
As first identified by Bidelman & Keeman (1951) , barium stars appear as a distinct group of chemically peculiar red giants. These G and K giants show enhanced features of Ba II, Sr II, CH, CN and sometimes C 2 lines. The following studies also found enhanced abundances of some other heavy elements, e.g. Y, Zr, La, Ce, Pr, Nd and Sm. Since suggested the elements heavier than iron are synthesized in the interior of asymptotic giant branch (AGB) stars through the slow neutron capture process (s-process) (the rapid neutron capture process, rprocess, occurs in supernova explosion), one generally believe that the overabundant heavy elements of Ba stars could be caused by binary accretion because they should not be evolved to the thermal pulse (TP) AGB stage to synthesize these heavy elements due to their low luminosity and the absence of the unstable nucleus 99 Tc (τ 1 2 =2×10 5 yr) (see and references therein). The binarity and heavy-element abundances of Ba stars have been studied by ). These Ba stars could have accreted the matter ejected by their companions (the former AGB stars, the present white dwarfs) about 1×10 6 years ago through wind accretion, disk accretion or common envelope ejection .
OBSERVATIONS AND DATA REDUCTION
Data reductions of all the spectra were carried out through ECHELLE package in the MIDAS environment by standard routines proceeding with order identification, background subtraction, flat-field correction, order extraction, wavelength calibration with a thorium-argon lamp calibration frame. Bias, dark current and scattered light corrections were taken into account in the background subtraction. The pixel-to-pixel sensitivity variations were corrected by using the flat-field. The EWs of the spectral lines are measured from the normalized spectra corrected by radial velocity, which were measured from more than 20 absorption lines at least. The selected spectral lines for abundance analysis are unblended or slightly blended and have reliable atomic data. (1993) . The solid line is the least square fit to the points (Eq. (1)), and the dashed line refers to the one-to-one relation.
The EWs of spectral line were measured by applying two different methods: direct integration of the line profile and Gaussian fitting. The latter is preferable in the case of faint lines (EW < 20 mÅ), but unsuitable for the strong lines in which the damping wings contribute significantly to the equivalent width. The final EWs are weighted averages of these two measurements, depending on the line intensity (see Zhao et al. 2000 for details) . The EW values of 110−180 lines in the wavelength range from 5500−8100Å were obtained for each of the sample stars. Table 2 presents the final EWs of the lines measured in the spectra of the sample stars as input data for the abundance analysis. Since the very weak lines would lead to an increase of random errors in the abundance determination and the too strong lines are not so sensitive to abundance, we use the lines with EWs=10 − 200 mÅ for abundance analysis, and most of them within 20 − 150 mÅ except some of the s-process elements. The reliability of our EW measurements have been confirmed by the consistence in the comparison between our data and those of for 35 common lines of HD 216219 and HD 4395. This comparison is shown in Figure 2 . The systematic difference between the two sets of data is small and could be given by a linear least square fit as:
STELLAR ATMOSPHERIC PARAMETERS
Effective temperature
Surface Gravity
Metal abundance
Microturbulence velocity
Comparing our results with those of , the derived atmospheric parameters for HD 4395 are T eff =5447/5450K, logg=3.60/3.3, ξ t =1. 
STELLAR ATMOSPHERE MODEL AND SPECTRAL LINES
The stellar atmospheric model is implemented by ATLAS9 code to do the abundance analysis. This is LTE, plane-parallel, line-blanketed models. Abundances of chemical elements were determined by using the input atmospheric parameters given in Table 3 and the measured EWs of the absorption lines. All the lines adopted in determining element abundances are presented in Table 2 , which shows the spectral lines and wavelengths, excitation potential χ, oscillator strengths log gf , EWs and logǫ of each line. The selections of the lines have been described in Sect.2. The oscillator strengths loggf of spectral lines are taken from the NIST database (http://physics.nist.gov), Lambert & Warner (1968) , , , , , , , , , Nissen & Schuster (1997) , , and the references therein. Col. (5) of Table 2 gives these reference sources for the spectral lines.
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There is good agreement between our observed abundances and the theoretical ones for the sample stars. These mean that wind accretion can be the formation scenario of these Ba stars in binary systems. These are consistent with the suggestions of and , who mentioned that Ba stars with periods longer than 1500 or 1600 days could be formed through wind accretion. We should notice that the heavy element abundance patterns of two sample stars with P > 1000 days, HD 211594 and HD 223617, can also been explained by wind accretion. Figure 6 also shows that the strong Ba stars generally require the higher "a" values in the model than the mild Ba stars, i.e., the stronger neutron exposure occurred in the AGB progenitors in their s-process nucleosynthesis.
DISCUSSIONS AND CONCLUSIONS
The derived abundances of our sample stars confirm well their "strong" or "mild" Ba star properties.As shown in Table 4 However, there are no obvious trend to show that the strong and mild Ba stars have different ranges in metallicity (also see . Also, there are no obvious indication to show that the orbital periods of mild Ba stars are longer than those of the strong Ba stars.
